Seasonal Changes in
Seasonal changes in thermoregulation efficiency and basal metabolism rate (BMR) were studied in Apodemus flavicollis (Melchior, 1834). The animals had significantly greater body weight in winter than in summer and the body weight of females differed significantly from that of males. The average rectal temperature in winter was 37.0Ż1.6 °C. There were two cases of spontaneous decrease in rectal temperature to 31.5 and 34.2 °C. During the experiments carried out in helium-oxygen mixture, a decrease in body temperature to as much as 15 and 12 °C was noted, without lethal effect. The maximum thermogenesis values extrapolated to -20 °C in summer reached 11.6±0.8 ccm CteXg-iXhr- 1 and extrapolated to-30 °C in winter reached 13.4+1.6 ccm OzXg-iXhr-i. BMR in summer (2.9±0.3 ccm OaXg-iXhr" 1 ) did not differ significantly from that determined in winter (3.0±0.4 ccm ChXg-iXhr -1 ). In summer, themaximum metabolism was four times higher, and in winter four and half times higher t'hat the BMR.
[Department of Animal Ecology, Jagiellonian University, Karasia 6, 30-060 Kraków, Poland].
I. INTRODUCTION
Snail mammals can' compensate the seasonal increase in energy expenditure caused by low air temperatures and shortage of food by a rangi of physiological adaptations. In many mammals, the ability to maintain high heat production during long periods of time may decide on tie very survival. Acclimatization-related changes in quantity of heat that can be generated in the body of an animal have been studied by Roseimann et al. (1975) , Scelza & Knoll (1979) , Feist & Morrison (1980) , Wickier (1980) . The maximum heat production may be achieved during physcal effort (Bedford et al., 1979) , shivering or non-shivering thermo-116 T. Cygan genesis (Rosenmann & Morrison, 1974 , Pasquis et al., 1970 . Seasonal alterations in the thermogenic capacity may be stimulated by changes in ambient temperature, trophic conditions of photoperiod (Steinlechner & Heldmaier, 1981; Heldmaier et ah, 1982) . The metabolic capacity may in turn be limited by performance of respiratory and cardiovascular systems (Lechner, 1978; Pasquis et. ah, 1970) , rate of supplying substrates for thermogenesis (Wang, 1978 (Wang, , 1980 and finally, the performance of enzymatic systems at the cell level (Wickler, 1981) .
The aim of this work was to follow acclimatization-induced changes in thermoregulation, maximum thermogenesis and basal metabolism rate in Apodemus flavicollis. The aerobic metabolism and thermoregulation of this species have already been studied by Kalabukhov (1951 Kalabukhov ( , 1969 and Gębczyński (1966) . Yet the maximum metabolism has not been included in these studies and the relevant thermoregulation curves presented in from that preclude coming to any definite conclusions about the thermoregulation strategy in this species.
II. MATERIAL AND METHOD
The yellow-necked mice Apodemus flavicollis (Melchior, 1834) were caught in Niepołomice Forest near Cracov (20°15' E, 50°5' N) during spring and autumn 1983. The animals were kept in separate cages in summer and in pairs of the same sex during winter. Nest material put in cages included hay and sawdust with cotton wool and pieces of wadding added in winter. The animals were to be acclimatized to natural temperature and p'hotoperiod changes, hence the cages were placed outdoors under shelter. The food given included wheat and barley grain, apples, beets, cottage cheese, and water provided ad libitum. In summer the experiments were carried out on 24, and in winter on 22 animals of both sexes. All the mice used in summer were caught in the field prior to experiments; some of the animals were kept outdoors for winter series of experiments.
The metabolism rates were measured as oxygen consumption in closed-system Kalabukhov-Skvortsov respirometer (Górecki, 1975) in metabolic c'hamber of 0.5 litre capacity. Initial part of the experiment was carried out in normal atmosphere that initially filled the chamber, and lasted about 70 minutes. Next, 10 litres of helium-oxygen mixture (79% He, 21% Oa) were blown rapidly through the chamber replacing the air in it. The chamber was then sealed again and the oxygen consumption measured. The thermal conductivity of helium is about six times higher than that of nitrogen (Rosenmann & Morrison, 1974) . Thus the helium-oxygen mixture helped to simulate temperature condition mudh below 0 °C and hence incurring corresponding huge heat loss that made possible measuring the maximum thermogenesis (Wickler, 1980; Abbotts & Wang, 1980) . The measurements in the helium-oxygen mixture lasted not less than 15 minutes but never exceeded 70 minutes. First ten minutes of each run were not taken into consideration because in this time t'he temperature inside the chamber levelled with that of bath, and the animals had a time to adjust to experimental conditions. The oxygen consumption was monitored in 5-minute intervals. In order to obtain the metabolism rate in a given temperature, a mean has been calculated from all the measurements of ox2/gen consumption taken. The highest values of oxygen consumption obtained in helium-oxygen mixture at low temperatures were used for obtaining the values of maximum thermogenesis calculated as a mean from series of high values. When the animals did not maintain the high initial level of metabolism but lowered it drastically, such results were not taken into account. The immediate drop in metabolism manifested inability of an animal to cope with thermal conditions and subsequently entering a hypothermy. When the amount of oxygen consumed wals very small or dropped rapidly the experiment was ended immeciately. In winter the experiments were supplemeted by a series of shortlastiig measurements in helium-oxygen mixture only, of establish if the maximum metabolism was in any way affected by fact that the animals were "kept in chambers without food (Wang, 1980) . The basal metabolism rates (BMR) were determined in mice that fasted for 5 hours before the experiment. The ambient temperature was 30 °C and the experiments lasted 30-60 minutes.
The first series of experiments on thermoregulation was carried out in summer (July) at temperatures ranging from 4.5 to 25.5 °C, the second series in winter (February and early March) at temperatures from -5 to +20 °C.
In winter, before and after the experiments, the rectal temperature, to the nearest 0.1 °C, was taken with a thermistor probe.
All the animals had been weighed (to the nearest 0.1 g) before the experiment staned.
The activity of A. jlavicollis changes with time of day and season (Gebczyriski, I960; it was thus decided to carry out all the experiments at the fixed time of day (from 3 to 8 p.m.).
All results are given as means with standard deviation (X±SD). Student's test was used to asses the statistical significance of differences betveen means while the analysis of covariance (Zar, 1974) served for estimation of 'be significance of differences between regression coefficient (slope, elevation). Anc finally the multiple regression and Mann-Whitney's nonparametric test was uisei for comparing the maximum metabolism rates in animals of various sex and body weight.
III. RESULTS

Seasonal Changes in Body Weight
The mean body weight of animals used in summer experiments was 25.) ±7.0 g (N=24). Body weight of females ranged from 18 to 32 g (mean 22.6 ±4.2 g, N=12) and that of males from 16 to 43 g (meaini 29. ±8.2 g, N= 12).
[n winter the body weight of mice was 31.1 ± 5.7 g on average (N = 22). Fenales weighed from 25 to 31 g (mean 27.4 ±2.3 g, N=10), males from 25 o 45 g (mean 34.2 ±5.8 g, N=12).
The differences in body weight between sexes were statistically significart (p<0.05). Also the overall mea,n weight determined in summer dif ered significantly from those in winter (p<0.05).
T. Cygan
Body Temperature in Winter
The average rectal temperature before experiment was 37.2 ±1.6 °C (N=45). In two animals the temperatures were particularly low at 31.5 and 34.2 °C. The highest rectal temperature noted was 40.8 °C.
During the experiment some changes in body temperature occurred ( Fig. 1) . Within the range of temperatures from 10 to 20 °C applied in experiment the rectal temperature dropped by 0.2 to 6.4 °C, only in one case rising by 0.2 °C. At lower temperatures the changes in body temperature ranged from 4.7 to 24 °C. When in hypothermy, the animals were less active and shivered markedly. After the animals had been warmed up in the stream of warm air they returned to initial condition. 
Basal Metabolism
The basal metabolism rate did not differ significantly in both seasons: in summer it was 2.9±0.3 ccm OsXg^Xhr -1 on average (N=7), while in winter the mean value was quite similar at 3.0 ±0.4 ccm C>2Xg
Thermoregulation in Normal Atmosphere
The relation between metabolism and ambient temperature for animals of various sex has been described by linear regression equations in the following form:
M=a+bTa where M -metabolism rate (ccm OaXg^Xhr -1 ), Ta -ambient temperature (°C). Regression coefficients a and b together with standard errors Sb and coefficients of determination r 2 for males and females in two seasons are given in Table 1 . The thermoregulation curve found for mice of both sexes in summer in the range of ambients from 4.5 to 25.5 °C is described by regression (1) ( Table 1 , Fig. 2A) . The values of metabolism attained by females (in summer season) were often higher than corresponding values for males. There were no significant differences between the slope coefficients for both lines (Fig. 3A) , but the regression (2) and (3) differ significantly in elevation (p<0.05) ( Table 1) . The rates of metabolism obtained within the range of temperatures from -5 to +20 °C in Winter, are shown on Fig. 2B and 3B. The' regression equations for the two sexes differ in elevation (p<C0.05). There are no significant statistical differences between the regressions calculated for animals of both sexes treated together in summer ( Some of the results obtained in summer were intended for estimation of the maximum metabolism (Fig. 2A) . The remaining results were used for calculating the regression of metabolism in relation to the ambient temperatures of 9 to 25.5 °C range (Fig. 3A, Table 1, equation 7) .
Similarly to the measurements taken in normal atmosphere, the rates of oxygen consumption by females were higher than corresponding values for males (Table 1, equation 8 and 9 ). Covariance analysis revealed significant difference between elevations of the regressions for two sexes (p<C0.05) with no significant differences in slope.
At ambients ranging from 9 to 25.5 °C the rate of oxygen consumption was the same at the beginning as the end of experiment. Below this range, at temperatures ranging from 4.5 to 8.5 °C the amount of oxygen consumed decreased gradually shortly after the experiment had started. In seven mice such drop occurred immediately after the beginning of experiment. The results obtained in these runs were not considered in further calculations.
Three mice attained the higest values of metabolism at 12 and 13 °C but most did it in the range of temperatures from 9 to 11 °C ( Fig. 2A) . In summer the maximum metabolism (Mmax) in the temperature range from 5 to 13 °C was 11.6 ±0.8 ccm ChXg-^Xhr -1 on average (N=27) with its highest value at 13.4 ccm 02Xg -1 Xhr -1 . In females the maximum metabolism was 11. Fig. 3B ).
The highest values of the maximum metabolism were noted in the range of temperatures from -2 to +5.5 °C. At -5 °C the animals were unable to maintain a high metabolism rate, reduced their oxygen consumption and lowered body temperature (in one case drop in rectal temperature of as much as 24 °C was noted) and hence the results could not be included in calculations. Similarly, the results obtained at 0 and + 5 °C were not included in calculations, because the animals used here demonstrated a higher metabolism rates during experiments conducted at o:her temperatures. The average of the maximum metabolism rate (in temperatures from -2 to +5.5 °C) was 13.2 ±1.1 ccm OiXg^Xhr -1 (N=13) with the highest value of 15.5 ccm OiXg^Xhr -1 . Ii the shorter experiments carried out only in helium-oxygen atmcsphere at 0 and -5 °C the average value of maximum metabolism was 14.0±2.1 ccm 0 2 Xg-1 Xhr" 1 (N=7) with the highest value at 17.0 ccm
T. Cygan
O2Xg -1 Xhr -1 (Fig. 4) 11 this paper an attempt has been made to investigate the seasonal changes in maximum metabolism in Apodemus flavicollis. Animals have been kept outdoors under the natural regimes of temperature and photoperiod. It may be therefore assumed than acclimatization-related physiological changes that have taken place resemble those occurring in the wild.
At low ambients, the animals kept in helium-oxygen mixture displayed on initial peak in oxygen consumption followed by later by a decrease a drop in body temperature (Fig. 1) . Some animals lowered their oxygen consumption from the very beginning of the experiment and immediately entered deep hypothermy. However, even the large decrease in body temperature, up to several centigrades was not lethal. When transferred to higher ambients the mice intensified the shivering thermogenesis (single initial convulsions later replaced by regular shivers) thus helping the body temperature return quickly to normal level.
The rectal temperatures were measured only in winter. A spontaneous drop in this temperature (not induced by experimental conditions) was observed twice. It fell remarkably below average, reaching 31.5 and 34.2 °C. Such spontaneous reduction of the body temperature and enduring hypothermy may suggest capability of the yellow-necked mice to enter short spells of torpor. In closely related species of wood mouse. Apodem,us sylvaticus (Linnaeus, 1758), such phenomenon was first observed in field by Morris (1968) . While Walton & Andrews (1981) observed in the same species a torpor induced by fast and exposure to low temperatures (simultaneous drop in oxygen consumption, body temperature to below 31 °C). Similar phenomena have been described in other small rodent species. Mus musculus (Linnaeus, 1758) may enter short spells of torpor under conditions of thermal comfort and adequate food supply, but does it more often as a reaction to starving (Hudson & Scott, 1979) . In Peromyscus leucopus (Rafinesque, 1818) the spontaneous daily torpor occurs at low temperatures in winter months, even with overabundance of food present, provided that the animals have undergone a prior acclimatization to low temperatures (Gaertner et al., 1973) . In Phodopus sungorus (Pallas, 1773) the ability to enter torpor develops under influence of seasonal changes in photoperiod (Heldmaier & Steinlechner, 1981) . The observation of spontaneous decrease of body temperature in A. flavicollis reported in this paper are not too numerous, a fact that may be contributed to the choice of timing of the measurements. In small mammals of noctirnal type of activity short daily torpor comes often during late morning hours (Heldmaier & Steinlechner, 1981 , Walton & Andrews, 1981 .
There was a marked sexual dimorphism in body size among animals used in the experiments. In winter the experimental animals were heavier than those used in summer. Gębczyński (1966) reported similar differences but .he animals he studied had been captured further north at Białowieża (23° 50' E, 52° 40' N) and were, in both seasons, slightly larger than mice from Niepołomice Forest used in this work.
The curves representing the thermoregulation in air for A. flavicollis in simmer and winter do not differ in slope, and there is not much difference in the corresponding values of oxygen consumption either. This provides ground for assumption that there is no difference in the overall heat conductance. These findings somehow contradict those of Kalabukhov (195., 1969) and Gębczyński (1966) who found higher values of metabolism and steeper line representing the relation between metabolism and ambent temperature in summer than that in winter. Yet these works do rot include respective regression equations and standard deviations lack of which precludes making any estimation of statistical significance of deferences.
The basal metabolism rate in A. flavicollis has not changed following seasmal acclimatization (2.9 and 3.0 ccm OiXg^Xhr^1 in summer and winter respectively). These values are similar to those obtained for other specEs of Muridae of similar size by Grodziński & Wunder (1975) .
Cn the other hand the maximum oxygen metabolism that represents a miximum production of heat, was higher by 16 per cent in winter. Then was also a seasonal shift in temperature at which the animals attaiied the maximum thermogenic capacity (10 °C in summer, 5 °C in wnter) in oxygen-helium mixture. By extrapolation of the thermoreguation curves (equations 7 and 10) to the values of maximum metabolism for summer and winter, respective critical temperatures of -20 °C and -30 °C were obtained. Hence if BMR stabilizes at certain level and the value of maximum metabolism alters, this imply a seasonal changes in ability to increase the metabolism rate (broadening a metabolic scope). In summer a yellow-necked field mouse can increase its oxygen consumption up to four times while in winter that factor rises to-4.5. The maximum metabolism (maximum thermogenesis) has been determined in may species of rodents (Rosenmann & Morrison, 1974 , Rosenmann et al., 1975 , Feist & Morrison, 1981 . The rate of it changes allometrically with body weight (Pasquis et al., 1970, Weiner, unpubl . data) and undergoes seasonal acclimatization though it usually falls into the range between three times and eight times the BMR value (Pasquis et al., 1970 , Rosenmann & Morrison, 1974 , Rosenmann et al., 1975 , Abbotts & Wang, 1980 . The maximum metabolism in A. flavicollis do fall within this range. The acclimatization strategy in small homoiothermic animals is realized by careful modifications of their energy balance to adjust it to changing environmental predicament. The climatic changes, having disturbed a heat balance, may, on the other hand, bring about alternations in food supply. The seasonal acclimatization related to the energy balance may include changes in the body weight, insulation of pelage, basal metabolism rate, and maximal thermogenesis, and finally may include an ability to enter short or long-lasting torpor (hibernation). In various species the physiological acclimatization is realized by diverse combinations of these mechanisms.
The data obtained in this study indicate that, in both seasons, A. flavicollis has similar basal metabolism rate and overall thermoconductance. A response to the elevation of energy expenditure in winter is, in this species, realized by an increase in body weight (improving area/volume ratio) and in heat-generation capacity (higher maximum metabolism). Both of these seasonal adaptations lead to increased demand for food which is scarce in winter. In A. flavicollis this is compensated by the ability to enter short daily torpors that may greatly reduce total energy expenditures as has been found in this study. Such conclusions are not supported by the findings reported by Gergilevich & Smirnov (1970) who studied the seasonal changes in fur insulation in A. flavicollis. In the animals from the continental part of the USSR both length and density of hair was greater in winter than in summer. Sawicka-Kapusta (1968) studied annual cycles of fat and water contents in mice of the same species collected in Cracov region. Distinct annual cycles were found for both these components. The fat content rose in autumn and early winter (up to 20.9%)) and later declined in spring and summer (to 11.9%). Perhaps the seasonal changes in acclimatization occur in animals obtained from regions with severe winters, but this is not supported by evidence provided by Sawicka-Kapusta (1968) .
A. flavicollis has its North American ecological equivalent in Peromyscus leucopus, whose annual changes of metabolism have been studied by Wickler (1980) . P. leucopus maintains unchanged body weight of about 18-19 g, but has, in winter, a maximum metabolism rate of 19.5 ccm ChXg^Xhr -1 , exceeding that in summer by as much as 68 per cent. The :hermoconductance in winter is lower by 20 per cent, possibly owing beter insulation of pelage. This species is also known for its ability to enter short daily torpors (Wickler, 1980) . T.ie rodents living in regions with severe climate conditions in winter display still more profoung modifications of metabolism and body weight. Voles of Clethrionomys rutilus dawsoni (Pallas, 1779), the species from Alaska, may reduce its body weight from 28 to 13 g, and increase its Mmax from 13.5 to 23.05 ccm 0 2 Xg-1 Xhr~ł (Rosenmann et al, 1975) . In Piodopus sungorus from continental Asia the body weight is greatly reduced in winter, and the disadvantageous area volume ratio compensated b/ a much better insulation of pelage. In addition the species manifests the ¿bility to increase the maximum thermogenesis and to enter short spells of torpor (Heldmaier et al., 1982 , Puchalski et al., 1983 . By such strategy, these two species ensure much needed reduction of the overall energy requirement in winter.
Oi the other hand tropical species (e.g. Calomys callosus) (Rosenmann & Morrison, 1974 ) (and desert ones (e.g. Dipodomys panamintinus (Mer:iam, 1894)) (Scelza & Knoll, 1979 ) attain lower maximum metabolism and their body weight show an increasing tendency in winter. When compared with the data mentioned above the mice studied in this work appeired to have relatively low level of the physiological adaptation to seasonal changes in environment. This conclusion is also supported by a difference in degree of acclimatization attained by mice captured in Niepołomice Forest and those from Białowieża, situated 400 km further nortł (Gębczyński, 1966) . It should also be noted that the yellow-necked field mice have developed quite efficient social thermoregulation; in lowe-temperatures they can improve the heat economy by huddling togetier into groups of 4-5 animals (Fedyk, 1971) . It may well be that poor manifestation of the physiological adaptation resulted from the abunlant supply of food and particularly mild condition prevailing during the vinter of experiments. It could provide ground for speculation that in A flavicollis the principal factors governing the effect of acclimatizatioi might be of climatic or trophic nature whereas in P. sungorus it is the photoperiod which causes distinct acclimatization-related changes (Heldmaier & Steinlechner, 1981) .
There was marked tendency in the females of A. flavicollis to attain higher maximum metabolism values compared with males -an occurrence repeated throughout all the series of the experiments. This effect might have been connected with the differences in body weight (though the statistical analysis provided no definite answer) but might also be of adaptive value. In some seasons the females of D.
•panamintinus also had a higher maximum metabolism per unit of body weight (Scelza & Knoll, 1979) ; similar phenomenon have been observed in rats by Bedford et al. (1979) who found that females of the upper age class had higher metabolism than males, irrespective of body weight. Koteja (1984) has lately found similar tendency in the house sparrow. Proving the hypothesis stating that there is a difference between female and male homoiotherms in level of maximum thermogenesis still requires further studies.
